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Abstract
Aluminium zinc alloys are widely used in the aerospace industry due to their high strength. However, only a few studies have been
reported on the additive manufacture of aluminium zinc alloys. This rarity is due to the difficulties occurring during the fusion
processing of these alloys and to the lack of available rawmaterial. This paper presents an alternative process used for the deposition
of aluminium zinc alloys. In this study, a Wire Laser Arc Additive Manufacture (WLAAM) system was used. This consisted of a
gas metal arc power source, used to generate the melt pool, and a laser beam applied to control the melt pool size. By using this
approach, it was possible to produce an elongated melt pool and feed zinc into it with a cold wire without compromising the process
stability. Awelding camera along with a system measuring the arc voltage and current was used to monitor the process. Different
process parameters and configurations were investigated along with their effect on process stability and deposited material micro-
structure. A very high zinc concentration was achieved in the deposited material without macro-segregation.
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1 Introduction
Wire and Arc Additive Manufacture (WAAM) is a Direct
Energy Deposition (DED) process using a wire as the feed
material and an electric arc as the heat source to deposit
large-scale 3-dimensional components. WAAM benefits from
a large reduction of material wastage and lead-time compared
with subtractive processes [1]. High strength aluminium al-
loys are widely used in aerospace because of their high
strength to density ratio as well as great damage tolerance
and corrosion resistance [2]. High strength aluminium alloys
can be divided into two families: aluminium copper and alu-
minium zinc alloys, classified as 2000 and 7000 series respec-
tively. As for many other materials, aluminium alloys can be
deposited withWAAMand aluminium component can benefit
from these process advantages [3].
The possibility of depositing high strength aluminium alloys
has been demonstrated and reported in numerous studies. Most
studies focus on the deposition of 2319 alloy. It is a common
aluminium copper welding wire and is perfectly suitable for
WAAM [4–8]. The deposition of aluminium copper magne-
sium was also reported by Gu et al. and Qi et al.: because of
the lack of available wires of these grades, the authors used
tandem systems to mix wires of different grades to achieve a
wide range of deposited material compositions [9, 10].
However, to the best of the author’s knowledge, no study
has been reported on theWAAM deposition of aluminium zinc
alloys. This lack of previous work can easily be explained:
despite the attractiveness of aluminium zinc alloy properties,
these alloys can appear to be incompatible with WAAM.
Indeed, no aluminium zinc filler wire is available on the market
due to the high hot cracking sensitivity of these alloys and the
behaviour of zinc in an electric arc. As reported by Wood [11],
the low boiling point of zinc causes zinc to vaporise during Gas
Metal Arc (GMA) welding with an aluminium zinc wire: this
greatly disturbs the arc and can generate a high porosity level
and depletion of zinc in the weld bead.
Despite the low boiling point of zinc and the high sensitiv-
ity of hot cracking of 7000 series alloys, few studies have been
conducted on the use of Powder Bed Fusion (PBF) processes
to manufacture components with aluminium zinc alloys.
Martin et al. studied the effect of zirconium addition on the
hot cracking sensitivity of the 7075 alloy. The authors
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demonstrated the possibility of using a modified 7075 + Zr
alloy with PBF to manufacture crack-free samples [12].
Aversa et al. mixed 7075 powder with AlSi10Mg powder,
widely used in PBF, and were also able to produce crack
free-material [13].
These recent studies on the development of aluminium zinc
alloys for PBF confirm the emerging interest for these alloys
for additive manufacturing (AM) applications. However, the
scarcity of rawmaterial in wire form and the behaviour of zinc
in the arc is a stumbling block to the development of alumin-
ium zinc deposition by WAAM. To overcome the lack of
available filler, a multiple wire approach can be used, just as
for the development of aluminium copper magnesium alloy
previously cited [9, 10]. To avoid the consequences of zinc
vaporisation in the arc, the filler wire containing zinc should
be fed in the melt pool away from the arc. For this, an elon-
gated melt pool is required. Aluminium alloys solidify very
quickly; therefore, an aluminium melt pool in WAAM is usu-
ally small and mainly situated directly under the arc: this
leaves no space to feed a wire in the melt pool away from
the arc.
This paper reports the initial development of Wire Laser
Arc Additive Manufacture (WLAAM) for aluminium zinc
deposition. The first objective was to determine if this process
could be used to achieve an elongated and stable melt pool.
The second objective was to produce some aluminium zinc
samples using WLAAM.
2 Experimental procedure
The Wire Laser Arc Additive Manufacture process consisted
of a GMA torch and a laser beam as heat sources: the leading
GMA torch generated a melt pool using a 2319 wire, and the
trailing laser beam was applied to this melt pool. An IPG
YLR-8000 continuous wave fibre laser and a Fronius CMT
advanced 4000R power sources were used. Figure 1 is a dia-
gram of the experimental arrangement: it shows the different
distances between the heat sources and the zinc cold wire.
Single beads and three layer high structures were deposited
on 2219 substrate. The 2219 and 2319 alloys were considered
as binary aluminium copper alloys with a copper content of
6.3 wt% (wt%), a 99.95 wt% zinc cold wire was used. The
2319 and zinc wire diameters were 1.2 mm and 1.6 mm
respectively.
Various deposition parameters were used: Table 1 gives the
constant parameters used as well as the range of value used for
each parameters which varied.
To evaluate the process stability, a Redmanwelding camera
was used to visualise the melt pool and metal transfer. The
GMA deposition stability was monitored using an AMV 5000
system which recorded both arc voltage and current during
deposition. Cross sections of the deposited layers were cold
mounted, ground, polished to a mirror finish, and etched with
Keller’s etchant. A Nikon Optiphot microscope was used for
optical imaging, and an XL30 Scanning Electron Microscope
(SEM) with an X-MAXN detector was used for Energy-
dispersive X-ray Spectroscopy (EDS) and element mapping.
The following sections provide the specific deposition pa-
rameters used in the different parts of section 3.
2.1 Wire Laser Arc deposition
In this section, a constantWFS[2319] of 7 m/min and a laser-arc
distance of 10 mm were used. Two cases were investigated:
one with no laser, referred to as “arc only”, and one with laser,
referred to as “laser assisted arc”. The effect of laser on the
bead shape and melt pool length was observed. The same
deposition parameters were used for the study of laser-arc
distance. The process stability was characterised using videos
and arc voltage data.
Fig. 1 Setup diagram
Table 1 General deposition parameters
GMA torch trailing angle 30°
Laser beam trailing angle 5°
Travel speed 10 mm/s
Laser beam spot size 9.5 mm
Shielding gas 25 L/min
WFS[2319]
1 5 to 9 m/min
WFS[Zn]
2 0 to 2 m/min
Laser power 0 to 5 kW
1 2319 Wire Feed Speed
2 Zinc Wire Feed Speed
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2.2 Addition of zinc
In this section, the set-up configuration was fixed: the laser-arc
and arc-zinc distances were set at 10 and 7mm respectively. The
WFS[2319], WFS[Zn], and laser power were changed as indicated
in Table 2. Single beads were deposited, and the best three set of
parameters were selected to deposit three layer high walls.
The expected zinc content was calculated using the follow-
ing equations:
M Zn½  ¼ WFS Zn½ *ρ Zn½ *π*d Zn½ 2=4 ð1Þ
M Al½  ¼ WFS 2319½ *ρ Al½ *π*d 2319½ 2*C Al½ =4 ð2Þ
M Cu½  ¼ WFS 2319½ *ρ Cu½ *π*d 2319½ 2C Cu½ =4 ð3Þ
W Zn½  ¼ M Zn½ = M Zn½ þM Al½ þM Cu½ 
  ð4Þ
WithM[X], ρ[X], C[X] the mass per unit length of deposit, the
density, and the concentration in the wire of the element X;
d[Zn] and d[2319] the diameters of the Zn and 2319 wires; and
W[Zn] the weight % of zinc in the deposited material. These
equations were used to calculate the zinc concentration in the
deposit without considering any zinc loss by vaporisation dur-
ing the process. The WFS[Zn] was limited by the process sta-
bility: at too low WFS, the zinc transfer was very irregular.
Due to the large zinc wire diameter, this led to very high zinc
calculated content in the bead, up to 50% compared with the
usual 7% found in aluminium zinc alloy.
3 Results and discussion
3.1 Wire Laser Arc deposition
This section reports preliminary observations made during the
use of the Wire Laser Arc process without zinc addition.
Figure 2 shows the effect of the additional energy from the
laser on the arc bead. All other parameters were kept constant.
The increase in energy led to an increase of the bead width,
penetration depth, and melted area due to an increase in heat
input.
Figure 3 shows the termination point of two single beads
deposited with the same parameters using arc only and laser-
assisted arc (laser power of 2 kW). The termination point
indicates the length of the melt pool, as shown in Fig. 3: the
melt pool length increases in the laser-assisted arc case.
Another critical parameter for the melt pool length is the
laser-arc distance. When the two heat sources were too close,
overheating of the GMA torch was observed. However, when
the laser-arc distance was increased, the melt pool length in-
creased as well: for a laser-arc distance of 15 mm, the melt
pool length was 23.8 mm compared with 19.8 mm for a dis-
tance of 10 mm. Figure 4 a shows the uniform melt pool with
regular edges obtained with a laser-arc distance of 10 mm.
But, for a laser-arc distance of 15 mm, picture (b) shows that
the melt pool became wider behind the arc and was split into
two parts. This separation generated many instabilities due to
the interactions between the two melt pools.
Table 2 Deposition parameters
for aluminium zinc deposition Samples Laser power [kW] WFS[2319] [m/min] WFS[Zn] [m/min] Calculated zinc
concentration2 [weight %]
A 2 8 1.2 37
B1 2 9 1.2 37
C 3 9 1.2 50
D 3 9 2.0 37
E 3 6 1.2 47
F1 5 6 1.2 47
G1 3 10 2.0 50
1 Parameters used to deposit three layer high walls
2 Calculated without considering any element losses
Fig. 2 Bead shape obtained with
arc only (a) and laser-assisted arc
(b) (laser power of 4 kW)
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Nevertheless, when appropriate laser-arc distances were
used, some benefits of the laser beam on the process stability
were observed. Figure 5 shows the voltage of the arc mea-
sured during the deposition with the arc only and laser-
assisted arc with a laser-arc distance of 10 mm. Some arc
instabilities can be seen when the arc only was used, but in
the laser-assisted arc case, the process stability was consider-
ably improved as shown by the lack of spikes in the voltage
trace.
In summary, it is possible to use Wire Laser Arc process to
elongate the melt pool otherwise obtained by GMA alone.
Increasing the laser power and the laser-arc distance are ways
of increasing the melt pool length as much as required.
However, the laser power has a great effect on the bead shape
and the laser-arc distance affects the process stability. These
phenomena need to be taken into account to deposit alumini-
um zinc with using a cold wire.
3.2 Addition of zinc
The addition of zinc was made possible by the melt pool
elongation. As mentioned in section 2.2, the WFS[Zn] was
chosen in order to obtain a constant metal transfer during
deposition. This led to a low WFS[2319]/WFS[Zn] ratio and
resulted in unbalanced chemical compositions in the deposited
material. As detailed in Table 2, the zinc content of the mate-
rial was expected to be as high as 50 wt%, which is much
higher than the usual 5 to 8 wt% found in aluminium zinc
alloys. For this reason, no extensive study of the deposited
material solidification behaviour and mechanical properties
was conducted.
The process parameters greatly affected the bead shape and
zinc macro segregation. Figure 6 a shows that too low heat
input resulted in incomplete melting of the zinc wire. This
Fig. 3 Melt pool length for both arc only and laser-assisted arc cases
(laser power of 2 kW)
Fig. 4 Effect of laser-arc distance
onmelt pool shapewith a distance
of 10 mm (a) and 15 mm (b)
Fig. 5 Effect of laser on arc voltage for a laser-arc distance of 10 mm
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could be solved by increasing the laser power, as shown in
Fig. 6b. As zinc is heavier than aluminium, some process
parameters lead to zinc accumulation at the bottom of the
beads, as shown in Fig. 7a. Figure 7 b shows that it was
possible to drastically reduce this issue by increasing the
WFS of the 2319 wire. This improved mixing capability is
coherent with the observations of Kou and Wang [14]. The
authors showed that using a higher current slows down the
material solidification and increases the electromagnetic
forces in the melt pool. Both these phenomena can drastically
reduce macro-segregations.
Three sets of parameters were selected for the deposition of
three layer high walls: these are shown in Table 2, samples B,
F, and G. The cross sections of these 3-dimensional structures
are shown in Fig. 8 with sample B, F, and G shown in pictures
(a), (b), and (c) respectively. Some issues in the bottom layer
with cracks and pores were observed in all three walls. Also,
some zinc macro-segregation, highlighted in red, can be seen
in pictures (b) and (c). However, in pictures (a) and (c), the top
layer microstructure is relatively uniform, with equiaxed
grains.
In order to confirm the zinc content of the material, ele-
mental mapping was carried out on the top layer of sample B
shown in Fig. 8a: the results are shown in Fig. 9. The SEM
image in picture (a) shows somemicro-segregation of alloying
elements, supported by the aluminium, zinc, and copper maps
in pictures (b), (c), and (d). Regardless of micro-segregations
issues, which could be due to the very high zinc content, the
zinc map shows that zinc was successfully added to the
material.
To summarise, the addition of zinc in the melt pool was
made possible with Wire Laser Arc deposition. Figures 6 and
7 indicate how process parameters can affect the distribution
Fig. 6 Microstructures of beads at
constantWFSs and laser power of
2 kW (a) (sample E in Table 2)
and 5 kW (b) (sample F in
Table 2)
Fig. 7 Microstructures of beads at
constant laser power and with a
WFS[2319] of 8 m/min (a) (sample
A in Table 2) and 9 m/min (b)
(sample B in Table 2)
Fig. 8 Cross section of three layer high walls B (a), F (b), and G (c) (see
Table 2 for deposition parameters)
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of zinc in the deposited material. The mixing capability of the
melt pool depends on the driving forces. Kou detailed these
forces [15] and Kou et al. [14] explained how they can pro-
mote or be detrimental to melt pool mixing. During GMA
welding, the electromagnetic forces tend to promote mixing
in the melt pool. The buoyancy force and surface tension
gradient together with the electromagnetic forces generate a
convection pattern below the melt pool surface. During Wire
Laser Arc deposition, the electromagnetic forces depend on
the WFS of the main wire, the 2319 wire in the case of this
study. The convection pattern is affected by the laser power,
laser beam spot size, and the metal transfer of the cold wire.
These forces can explain why the different parameters used in
this study led to different levels of macro-segregation in the
deposited material.
However, the three layer high structures shown in Fig. 8
have a promising micro-structure, with little sign of macro-
segregation despite the expected high zinc content, up to
50 wt% in the wall shown in Fig. 8c.
4 Conclusion
Wire Laser Arc Additive Manufacture can be used to deposit
aluminium and to produce an elongated melt pool with a sta-
ble process. As the laser beam elongated the melt pool behind
the electric arc, it was possible to cold feed zinc directly into
the melt pool, without impacting on the process stability. For
some conditions, the mixing between the two materials was
successful, leading to the deposition of an aluminium copper
zinc matrix. The possibility of achieving this in situ alloy
mixing was shown to be possible for a three-dimensional
structure of three-layer height.
In DED, in situ alloying is the only financially applicable
solution for composition optimisation. This is because the
other path for composition optimisation, the manufacture of
customised composition wire, is too expensive, and time con-
suming to be used during an optimisation by iteration method.
This paper shows thatWLAAMhas great potential in terms of
alloy development, even for low boiling point elements such
as zinc.
Further work is required to build 3-dimensional high
strength aluminium zinc components. The composition of
the matrix needs to be optimised to minimise the risk of so-
lidification cracking and increase the material mechanical
properties. In order to do so, a mixed aluminium zinc wire
should be used as a cold wire, instead of a pure zinc wire.
The use of a smaller diameter cold wire would also give a
wider working envelope in term of WFS, and therefore com-
position. The effect of the laser beam diameter and travel
speed on the mixing capability of the melt pool and solidifi-
cation behaviour will also need to be characterised.
Fig. 9 a SEM image of the
deposit and the aluminium (b),
zinc (c), and copper map (d)
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